In this paper, a simple analytic model of Split Hopkinson Pressure Bar (SHPB) propelled by gas-gun is introduced. The model allows for prediction of the output of SHPB experiment or can be used inversely as a design tool for gas-gun propelled SHPB. The model is based on existing models of light gas-gun working according to adiabatic process and on one-dimensional wave propagation theory in linear elastic cylindrical slender bar. The model allows for calculation with elementary drag effects. Model functionality was evaluated and compared with the experimental results of a SHPB setup equipped with linear elastic (aluminium) bars and visco-elastic (polymethyl metacrylate) bars at two different impact velocities.
Introduction
Split Hopkinson Pressure Bar (SHPB) is a well-established experimental technique for testing of materials under high strain-rates. Parameters and performance of the experimental setup have to be tailored for the tested materials as for SHPB with gas-gun the maximal strain and maximal strain-rate achievable in the specimen are very limited. Strain in the specimen is proportional to the wave length of the incident pulse and to its amplitude whereas strain-rate is proportional to the incident pulse amplitude. Thus, these two most important parameters are proportional to the length of the striker bar and its impact velocity. In this paper, a simple analytic prediction model for calculation of the SHPB experiment output is introduced. The model is based on previously published relations dealing with the gas-gun (Rohrbach et al., 2011; Stephenson, 1961; Seigel, 1981) and Hopkinson bar theory (Gallina et al., 2003) . Existing models are used to derive modified solution for our design, in which the SHPB striker is propelled using compressed air. Predicted values calculated using this analytic model were compared with the measured values for the experiments conducted with two types of the measurement bars (aluminium and polymethyl metacrylate -PMMA) at different strain-rates. Model can be used also inversely for calculation of the required SHPB gas-gun performance needed for desired strain and strain-rate values in the specimen.
Gas-gun and SHPB analytic model
Literature-based analytic model of gas-gun (Rohrbach et al., 2011; Stephenson, 1961; Seigel, 1981) working according to adiabatic process with drag effects, and analytic model of SHPB based on linear onedimensional wave propagation theory in cylindrical slender bars (Gallina et al., 2003) were used as a basis for the following derivation of the presented model. γ specific heat ratio ( 7 8 for compressed air gas-gun) g gravitational acceleration constant ρ density of the bars and the striker σ [in,ref,tr,st] stress (in -incident pulse, ref -reflected pulse, tr -transmission pulse, st -striker bar) σ sp effective stress in the specimen (ideal plastic material model) A [sp,st,in,tr] cross-section area (sp -specimen, st -striker bar, in -incident bar, trtransmission bar) c 0 nominal wave velocity in the bars ( E/ρ for ideal linear elastic material)
Nomenclature
barrel length l ps pulse length l sp specimen length l st striker bar length m st mass of the striker bar P gas-gun pressure t ps pulse duration V volume of the gas-gun reservoir v st striker impact velocity
Fig. 1: Scheme of the SHPB principle
Principle of SHPB apparatus is shown in Fig. 1 . Based on the adiabatic model for gas-gun, the following equation can be used for the calculation of the striker impact velocity including drag effects represented by the pressure loss coefficient C P and by the striker bar friction force
(1)
From the value of the striker bar velocity v st , the nominal strain-rate in the specimen can be determined according to the relation˙
Parameters of the initial incident pulse and stresses in the bars and in the striker can be derived from the one-dimensional wave propagation theory according to
Strain amplitudes of the pulses in the incident bar and maximum strain in the specimen can be derived from the aforementioned equations yielding
3. Comparison of the model with experimental results
Experimental setup
The model was used for a prediction of the output of the real experiments carried out in the DynLab at the author's workplace. The results of the model were compared with the measured values. A modified Kolsky SHPB setup was used for the experiments with both high-strength aluminium alloy bars (EN-AW-7075) and PMMA bars at two different impact velocities. In all experiments, the measurement bars with nominal diameter 20 mm and length 1600 mm were used. The bars were instrumented using foil-strain gauges connected in Wheatstone half-bridge arrangement in two different configurations (single gauge on each bar, or three gauges on the incident bar and single gauge on the transmission bar). Three striker bars with nominal diameter 20 mm and lengths 300 mm (aluminium), 500 mm (aluminium) and 198 mm (PMMA) were used in the study. The striker was accelerated using compressed air gas-gun with maximum operating pressure 16 bar. Other details about the used setup and its instrumentation can be found in (Fíla et al., 2017) . Experimental setup is shown in Fig. 2-left .
Muzzle velocity measurement
Muzzle velocity of the gas-gun was experimentally measured using photoelectric sensors mounted at the end of the gas-gun barrel. Calculated and measured muzzle velocity of the aluminium striker with length 300 mm accelerated with the reservoir pressure 1 − 6 bar is shown in Fig. 2-center . In the analytic model, no pressure losses and friction were used as these effect were experimentally found negligible for the used striker and pressures. Results of the impact velocity calculated by the model are in very good agreement with the measured values (see Fig. 2-center) . 
Re-entrant auxetic lattice -aluminium bars
An additively manufactured 2D re-entrant auxetic lattice (Fíla et al., 2017 ) (structure with negative Poisson's ratio) is presented here as an example of the model functionality for linear-elastic aluminium bars at two different impact velocities. It was experimentally proven that, in case of the aluminium bars, it is not necessary to take friction and pressure losses into account as the effects can be considered negligible in the used velocity range. Two different stresses σ sp for the ideal plastic model of the specimen were used as strain-rate sensitivity effect was expected based on the previous results. Comparison of the results of the model and the experiment is summarized in Tab. 1. The values predicted by the model are in very good agreement with the measured values.
Ordnance gelatin -PMMA bars
A specimen of ordnance gelatin is presented in this paper as an example of the model functionality for visco-elastic PMMA bars at two different impact velocities. Damping and dispersion effects were corrected in the model using two different pressure losses coefficients C P based on the wave propagation functions 
Conclusions
A simple analytic model for prediction of the experiment output of a gas-gun propelled SHPB was derived from the adiabatic model of light gas-gun and from equations of the one-dimensional wave propagation theory in linear elastic slender bars. The model allows for calculation with elementary drag effects or for use of this part of the model for a simple correction of the wave dispersion effects in the measurement bars. The model functionality was evaluated on a real SHPB experiments carried out with both linear-elastic and visco-elastic bars at two different impact velocities. In all cases, the model predicted values close to the output of the real experiments. To conclude, the presented model can be used as a simple tool for prediction of the SHPB experiment output or inversely as a tool for designing a SHPB with required performance.
